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ABSTRACT
Using a sample of galaxies from the Sloan Digital Sky Survey Data (SDSS) Data
Release 4, we study the trends relating surface brightness profile type and apparent
axis ratio to the local galaxy environment. We use the SDSS parameter ‘fracDeV’ to
quantify the profile type (fracDeV = 1 for a pure de Vaucouleurs profile; fracDeV = 0 for
a pure exponential profile). We find that galaxies with Mr & −18 are mostly described
by exponential profiles in all environments. Galaxies with −21 . Mr . −18 mainly
have exponential profiles in low density environments and de Vaucouleurs profiles in
high density environments. The most luminous galaxies, with Mr . −21, are mostly
described by de Vaucouleurs profiles in all environments. For galaxies with Mr . −19,
the fraction of de Vaucouleurs galaxies is a monotonically increasing function of local
density, while the fraction of exponential galaxies is monotonically decreasing. For a
fixed surface brightness profile type, apparent axis ratio is frequently correlated with
environment. As the local density of galaxies increases, we find that forMr ∈ [−18,−20],
galaxies of all profile types become slightly rounder, on average; for Mr ∈ [−20,−22],
galaxies with mostly exponential profiles tend to become flatter, while galaxies with de
Vaucouleurs profiles tend to become rounder; forMr ∈ [−22,−∞], galaxies with mostly
exponential profiles become flatter, while the de Vaucouleurs galaxies become rounder
in their inner regions, yet exhibit no change in their outer regions. We comment on how
the observed trends relate to the merger history of galaxies.
Subject headings: galaxies: elliptical and lenticular, cD — galaxies: fundamental pa-
rameters — galaxies: photometry — galaxies: spiral — galaxies: statistics
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1. INTRODUCTION
The modern paradigm of hierarchical galaxy formation is rooted in the notion that large stellar
systems are formed through the mergers of smaller ones. Understanding the creation and evolution
of a particular galaxy requires a knowledge of the merger history of dark halos and the accompany-
ing gas dynamics. Different environments necessarily lead to differing merger histories, resulting in
differences in the observable properties of each galaxy. In particular, denser environments lead to
more frequent mergers, which cause significant structural changes to galaxies. Also, gravitational
harassment among galaxies in dense regions can affect the morphological properties of galaxies.
Within the context of the current paradigm of galaxy formation, it is possible to create computer
simulations that begin with some matter distribution and then follow the creation and evolution
of structure (e.g. see Bertschinger (1998); Abadi et al. (2003); Bell et al. (2005); Robertson et al.
(2005)). Observational astronomy, by contrast, is unable to follow the evolution of a particular
galaxy. However, statistical correlations between properties such as galaxy color, luminosity, kine-
matics, and shape have been found. Attempts to understand how such trends are related to the
underlying physics of galaxy evolution are a major focus of extragalactic astronomy. The purpose
of this study is to examine both new and well known trends that relate a galaxy’s structure to its
environment through the use of observable quantities.
Historically, Hubble (1926) classified galaxies by their visual appearance on photographic
plates. Elliptical galaxies have smooth elliptical isophotes; spiral galaxies have spiral arms that
wind outward from a central bulge or bar. By measuring the surface brightness I(R) along the ma-
jor axis of a galaxy’s image, it was noticed that bright (MB . −20) ellipticals have light profiles that
are well fit by log I ∝ −R1/4 (de Vaucouleurs 1959). On the other hand, the azimuthally averaged
surface brightness profiles of spiral galaxies were discovered to have log I ∝ −R (Freeman 1970).
Such observations reveal a correlation of surface brightness profile with Hubble type. Furthermore,
elliptical galaxies are slowly rotating systems characterized by triaxial shapes; in contrast, spiral
galaxies are rapidly rotating flattened structures. It has also been found that the average color of
galaxies differs for the different galaxy types; ellipticals tend to be redder, while spirals are bluer.
Such correlations with Hubble type exist for a host of galaxy properties.
There are well known trends relating morphological type to the local density of galaxies (Hubble
& Humason 1931; Dressler 1980; Goto et al. 2003; Tanaka et al. 2004; Postman et al. 2005). In
general, bright elliptical galaxies are preferentially found in regions of higher galaxy number density;
on the other hand, spirals account for the majority of bright galaxies in the field. It is worth noting,
however, that such studies have been focused on galaxies withMr . −20. New, large galaxy surveys
open up the possibility of exploring such trends in different magnitude bands.
Images of galaxies are a projection of the true shape. Most studies of the axis ratio of galaxies
have concentrated on understanding what the distribution of apparent axis ratios tells us about
the intrinsic axis ratios (e.g. Sandage et al. (1970); Binney & de Vaucouleurs (1981); Lambas et
al. (1992); Elmegreen et al. (2004); Vincent & Ryden (2005)). Such information is a necessary
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ingredient for, among other things, understanding the kinematic properties of galaxies. Generally,
the distribution of apparent axis ratios for thin, nearly circular disks is an approximately uniform
function, giving an average axis ratio of ∼ 0.5. For elliptical galaxies, which tend to be triaxial
(Lambas et al. 1992; Vincent & Ryden 2005), the distribution of apparent axis ratios is a steeply
peaked function with an average value of ∼ 0.7. It is also found that the average axis ratio for
ellipticals depends on luminosity, with brighter ellipticals being rounder (Vincent & Ryden 2005).
As previously mentioned, bright ellipticals tend to be found in high density environments. This
suggests that the eventful merger histories of these systems lead to systematic change in average
axis ratio. One under-studied area, related to galaxy shape, is the dependence of axis ratio on
environment. Lambas et al. (1992) briefly comment on this dependence for elliptical galaxies.
However, a continued investigation of this field will help complete understanding of the kinematical
properties of galaxies.
In this paper, we use photometric data from the Sloan Digital Sky Survey Data Release 4
(SDSS DR4) (Adelman-McCarthy et al. 2005) to study the correlations of two structural properties
of galaxies with environment; namely, surface brightness profile and apparent axis ratio. The SDSS
provides an unprecedentedly large data set with a uniform data reduction scheme, allowing for a
consistent study. SDSS data has already been used to quantify correlations between many galaxy
properties (Blanton et al. 2003a; Goto et al. 2003; Hogg et al. 2003; Blanton et al. 2004; Hogg et
al. 2004; Tanaka et al. 2004).
In §2 of this paper, we describe the SDSS, our morphological classification scheme, and the
methods by which we determine the apparent axis ratio of galaxies. In §3, we present our results on
the surface brightness profile type – environment relationship. We make two extensions to previous
studies. First, we use galaxies in the relatively broad absolute magnitude range Mr ∈ [−17, −23].
Second, we subdivide the data into narrow magnitude bins to determine the luminosity dependence
of the profile type – environment relation. In §4, we describe the results of our study of the apparent
axis ratio – environment correlation. Motivation for this research was initiated by a prior analysis
of galaxy axis ratios in the SDSS data (Vincent & Ryden 2005), where it was proposed that axis
ratio could be correlated with environment. In §5 we place our results in the context of the current
understanding of galaxy formation and evolution.
2. DATA
The Sloan Digital Sky Survey (York et al. 2000; Stoughton, et al. 2002) will, when complete,
provide a map of nearly one-fourth of the celestial sphere. A CCD mosaic camera (Gunn et
al. 1998) images the sky in five photometric bands (ugriz; Fukugita et al. (1996); Smith et al.
(2002)). The follow-up spectroscopic survey provides spectra for galaxies to a limiting Petrosian
magnitude mr = 17.77. The Sloan Digital Sky Survey Data Release 4, released to the astronomical
community in 2004 October, covers a photometric area of 6670 deg2 and a spectroscopic area of
4783 deg2 (Adelman-McCarthy et al. (2005); see also Stoughton, et al. (2002), Abazajian et al.
– 4 –
(2003), Abazajian et al. (2004), and Abazajian et al. (2005)).
The SDSS DR4 data processing pipeline provides a morphological star/galaxy separation, with
extended objects being classified as ‘galaxies’ and unresolved objects being classified as ‘stars’. For
each galaxy, in each photometric band, two models are fitted to the two-dimensional galaxy image.
The first model has a de Vaucouleurs surface profile (de Vaucouleurs 1948):
I(R) = Ie exp
(
−7.67[(R/Re)
1/4 − 1]
)
, (1)
which is truncated beyond 7Re to go smoothly to zero at 8Re. The second model has an exponential
profile:
I(R) = Ie exp (−1.68[R/Re − 1]) , (2)
which is truncated beyond 3Re to go smoothly to zero at 4Re. For each model, the apparent axis
ratio qm and the phase angle ϕm are assumed to be constant with radius. The parameters qm,
ϕm, Re, and Ie are varied to give the best χ
2 fit to the galaxy image, after convolution with a
double-Gaussian fit to the point spread function.
A further fit to each galaxy is made by taking the best de Vaucouleurs model and the best
exponential model, and finding the linear combination of the two that gives a new best fit. The
fraction of the total flux contributed by the de Vaucouleurs component is the parameter fracDeV,
which is constrained to lie in the interval [0, 1]. The fracDeV parameter is functionally equivalent
to the Se´rsic (1968) index n in the interval 1 ≤ n ≤ 4 (Vincent & Ryden 2005). If a galaxy has a
Se´rsic index n, then n = 1 corresponds to fracDeV = 0, n = 4 corresponds to fracDeV = 1, and
the dependence of fracDeV upon n is monotonic in the interval 1 ≤ n ≤ 4. Following Vincent &
Ryden (2005), we call galaxies with 0 ≤ fracDeV ≤ 0.1 (n . 1.2) ex galaxies. Galaxies with 0.1 ≤
fracDeV ≤ 0.5 (1.2 . n . 2.0) are labeled ex/de galaxies. Galaxies with 0.5 ≤ fracDeV ≤ 0.9
(2.0 . n . 3.3) are labeled de/ex galaxies. Finally, galaxies with fracDeV ≥ 0.9 (n & 3.3) are
labeled de galaxies.
The SDSS DR4 databases provide many different measures of the apparent axis ratio q of
each galaxy in each of the five photometric bands. In this paper, we use the r band data, at an
effective wavelength of 6165A˚; this is the band in which the star/galaxy classification is made. A
useful measure of the apparent shape in the outer regions of galaxies is the axis ratio of the 25 mag
arcsec−2 isophote. The SDSS DR4 data pipeline finds the best fitting ellipse to the 25 mag arcsec−2
isophote in each band; the semimajor axis and semiminor axis of this isophotal ellipse are A25 and
B25. The isophotal axis ratio q25 ≡ B25/A25 then provides a measure of the apparent galaxy shape
at a few times the effective radius. For galaxies in our sample with fracDeV = 1, A25 ∼ 3.2Re; for
galaxies with fracDeV = 0, A25 ∼ 2.4Re.
The second measure of the apparent axis ratio that we use is qam, the axis ratio determined by
the use of adaptive moments of the galaxy’s surface brightness. The method of adaptive moments
determines the nth order moments of a galaxy image, using an elliptical weight function whose
shape matches that of the image (Bernstein & Jarvis 2002; Hirata & Seljak 2003). The SDSS
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DR4 adaptive moments use a weight function w(x, y) that is a Gaussian matched to the size and
ellipticity of the galaxy image I(x, y). The adaptive first order moments,
~x0 =
∫
~xw(x, y)I(x, y)dxdy∫
w(x, y)I(x, y)dxdy
, (3)
tell us the ‘center of light’ of the galaxy’s image. With this knowledge, we can compute the adaptive
second order moments:
Mxx =
∫
(x− x0)
2w(x, y)I(x, y)dxdy∫
w(x, y)I(x, y)dxdy
, (4)
and so forth. The SDSS DR4 provides for each image the values of the parameters τ =Mxx+Myy,
e+ = (Mxx −Myy)/τ , and e× = 2Mxy/τ . The adaptive second moments can be converted into an
axis ratio using the relation
qam =
(
1− e
1 + e
)1/2
, (5)
where e = (e2+ + e
2
×
)1/2. The adaptive moments axis ratio qam is not corrected for the effects of
seeing. The SDSS DR4 also provides the fourth order adaptive moments of the galaxy image, and
the adaptive moments τpsf , e+,psf , and e×,psf of the point spread function at the galaxy’s location.
These moments can be used to correct for the smearing and shearing due to seeing; such corrections
are essential for studying the small shape changes resulting from weak lensing (Bernstein & Jarvis
2002; Hirata & Seljak 2003). However, when we examine the apparent axis ratios of galaxies in
Section 4, we will only look at well-resolved galaxies (τ > 6.25τpsf), for which the seeing corrections
are negligible. We note that, at most, weak lensing shears the shape of a galaxy at the one percent
level (Sheldon et al. 2004). Such minute changes in the shape do not significantly affect our results.
Our complete sample of galaxies consists of those objects in the SDSS DR4 spectroscopic
sample which are flagged as galaxies, which have τ ≥ τpsf , and which have spectroscopic redshifts
z > 0.004 and a redshift confidence parameter zconf > 0.35. The absolute magnitude Mr of
each galaxy is computed from its SDSS cmodel apparent magnitude, assuming a uniform Hubble
flow with H0 = 70km s
−1Mpc−1, ΩM,0 = 0.3, and ΩΛ,0 = 0.7. The complete sample contains
N = 305 558 galaxies with a median redshift of z ∼ 0.1. The morphology of each galaxy in the
sample is quantified by the parameter fracDeV, and by the two measures of the apparent axis ratio:
q25, which gives the shape in the outer region, and qam, which is more strongly weighted toward
the inner region of the galaxy.
3. PROFILE TYPE
3.1. SURVEY VOLUME
A galaxy with absolute magnitudeMr will enter the SDSS spectroscopic survey if its luminosity
distance is less than dL = 10
0.2(mr−Mr−25) Mpc, where the limiting apparent magnitude of the
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survey is mr = 17.77. In our study of the relationship between surface brightness profile type and
environment, we create six volume-limited samples with absolute magnitude cut-offs Mr0 = −17,
−18, −19, −20, −21, and −22. The maximum luminosity distance in the volume-limited samples
ranges from dL = 10
1.954Mpc = 90Mpc for the Mr0 = −17 sample (corresponding to zmax ≈ 0.02),
to dL = 10
2.954Mpc = 900Mpc, for the Mr0 = −22 sample (corresponding to zmax ≈ 0.2). In each
sample we choose as our ‘target galaxies’ those galaxies with Mr ∈ [Mr0 , Mr0 − 1]. The target
galaxies are those galaxies for which we will determine the profile type – environment dependence.
The total number of target galaxies in each volume-limited sample, and the fraction of target
galaxies corresponding to each of our four morphological types, is presented in Table 1. Table 1
also lists, under the heading ‘cylinder width’, the total number of cylinders (see §3.2) that do not
intersect the border of the SDSS spectrographic survey, which is the same as the number of galaxies
that we keep in our analysis (see §3.2). The galaxies in each sample are subject to the quality cuts
described in §2.
3.2. THE ENVIRONMENT
The environment of each target galaxy is determined by a count of neighboring galaxies. We
adhere to the following in determining this count. A cylinder is created around each target galaxy
in redshift space, with the long axis of the cylinder lying along the line of sight. The cylinder
stretches 6 h−1 Mpc (with h = 0.7) in either radial direction from the target galaxy (i.e. 12 h−1
Mpc in total). The radius of the cylinder is one of the following: 0.5 h−1 Mpc, 2 h−1 Mpc, 8
h−1 Mpc. Counting the number of galaxies with Mr ≤ Mr0 in this cylinder defines our density
parameter. We note that in dense environments, this method undercounts the true number of
galaxies in each cylinder. This is because the spectroscopic fibers on each SDSS plate cannot be
placed more closely than 55′′. This causes ∼ 7% of galaxies (of the total) to be lost (Blanton et
al. 2003a), undercounting galaxies in high density regions. Fibers are assigned to galaxies with
no correlations to galaxy properties (Blanton et al. 2003b). Hence, there should be no significant
effect to our results. For example, if 7% of each galaxy type in the highest density bin were moved
to the second-highest density bin, the relative fraction would not change. In general, this is the
largest source of galaxy loss, as the completeness of the spectroscopic survey is ∼ 91% (Blanton et
al. 2003a).
The SDSS takes spectra using circular plates whose diameter subtends an angle of 3◦ on the
sky. The SDSS DR4 spectroscopic survey does not completely match the area covered by the DR4
photometric survey. Figure 1 shows the boundary of the spectroscopic survey. If a target galaxy is
within one cylinder width of the border, it is dismissed from our analysis. In addition, if a galaxy
is within one-half cylinder length, 6h−1Mpc, of the maximum luminosity distance, it is dismissed
from our analysis.
In determining the environment for target galaxies in each magnitude bin we count all of the
galaxies brighter than the magnitude cut-offMr0 . In plotting our results, we group together at least
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100 galaxies in each bin. We take the weighted mean of the number of galaxies in each cylinder
that falls into a particular bin. This defines the local density, or environment for all galaxies in
each bin. The highest density bin may have as few as 50 galaxies (the only excpetion to this rule
is the case with Mr0 = −17 and 2h
−1 Mpc cylinders where the number in each bin is half that
just described). We use the same density bins for all profile types so that we may determine the
relative fraction of each. The bins are determined by the binning of the ex galaxies subject to the
previously given conditions. We changed the possible binning for this analysis, varying it by profile
type, and found no substantial change in the results.
3.3. RESULTS FOR PROFILE TYPE – ENVIRONMENT RELATIONSHIP
Many studies (e.g. Dressler (1980); Goto et al. (2003); Postman et al. (2005)) have shown that
as the density of galaxies in a region increases, the relative fraction of elliptical galaxies to spiral
galaxies increases. Instead of using the Hubble classification scheme, we classify galaxies based on
their surface brightness profile type, using four classes ranging from the highly concentrated de
galaxies to the least concentrated ex galaxies.
Our largest survey volume extends to the distance at which a galaxy with Mr = −22 has
mr = 17.77, corresponding to z ≈ 0.2. Nuijten et al. (2005) have shown that in the redshift interval
0 < z < 0.2, there is little evolution in the fraction of galaxies with n > 2 (corresponding to
our classes de and de/ex ). Since all our other magnitude cut-offs correspond to lower maximum
redshifts, we do not expect significant redshift evolution effects in our samples.
Figures 2 through 4 display our findings on the trends of galaxy profile with environment.
The plots are organized by magnitude cut-off and cylinder radius. The ex galaxies are represented
by green solid lines and solid circles; the ex/de galaxies, by blue dotted lines and solid triangles;
the de/ex galaxies, by red dashed lines and open circles; the de galaxies, by magenta long-dashed
lines and open triangles. The plotted errors are the expected errors in the mean, assuming Poisson
statistics. Table 1 lists the number of galaxies in each of our volume-limited surveys. It also lists
the fraction of each profile type. Finally, it lists the total number of galaxies that survive all of our
quality cuts (see §2 and §3.2).
We summarize the results as follows:
1. Figure 2 displays the results for cylinders of width 0.5h−1 Mpc. There are four primary
results. First, galaxies with Mr & −19 are found to have mostly exponential light profiles in all
environments. Second, galaxies with Mr . −21 have mostly de Vaucouleurs light profiles in all
environments. Third, for galaxies with Mr . −19, as local density increases, the fraction of de
Vaucouleurs galaxies increases monotonically with increasing local density, while the fraction of
exponentials decreases. Fourth, there is a crossover of predominant profile type between high and
low density environments only for galaxies withMr ∼ −20. Plotting results for so many magnitude
bins clearly shows how the change in dominant profile type depends not only on environment, but
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also on absolute magnitude. Dressler (1980) examined the morphology – environment relation for
galaxies with MV < −19.67 (assuming h = 0.7); for a typical color B − V ≈ 0.9, this corresponds
roughly to Mr . −20.
2. Figures 3 and 4 display the effect of increasing the cylinder size. The main result is that
trends are washed out on scales larger than about 2 h−1 Mpc. There is no plot for the magnitude
cut-offs −17, −18, and −19 for cylinders that are 8h−1 Mpc wide; the volume of space probed is
small enough that once all of the cylinders that intersect with the border are thrown out, there are
too few galaxies left over to make the plot statistically interesting.
4. APPARENT AXIS RATIO
This section of the paper addresses how the average shape of galaxies, as quantified by their
apparent axis ratio, depends on their environment, for a fixed luminosity and profile type. Our
analysis of this topic is described below. We first highlight any differences in the methodology from
the preceding section. Unless otherwise mentioned, our methods here remain the same as those
described in §3.
One idiosyncrasy discovered in Vincent & Ryden (2005) is that for fixed luminosity the average
axis ratio is not always a monotonic function of Se´rsic index. Subdividing all galaxies into only
two groups, one with all galaxies with fracDeV < 0.5, or n . 2, and another with the remaining
galaxies, would average over this interesting behavior. This provides us with further motivation for
maintaining our galaxy classification scheme, where we place galaxies in one of the four groups: ex,
ex/de, de/ex and de (see §2).
4.1. SURVEY VOLUME
The survey volume for this analysis is similar to that described in §3.1. An important difference
is that we place a stricter cut on the point spread function (see §2) and in the process lose many
de Vaucouleurs galaxies. In Vincent & Ryden (2005) it was noted that there is a luminosity –
axis ratio trend. In the range [−18,−20] the trend is approximately flat. In the range [−20,−22]
the axis ratio increases with increasing luminosity. For galaxies brighter than −22, the axis ratio
seems to level off. In principle, this correlation could affect our results. This motivates us to keep
luminosity bins as narrow as possible, so as to minimize any effect of this trend within a single
bin. On the other hand, statistical claims are only useful for large sample sizes. To keep our
subsamples of galaxies large enough, we are motivated to keep luminosity bins as wide as possible.
As a compromise, we make luminosity bins two magnitudes wide.
We start by creating three volume-limited surveys with absolute magnitude cut-offs Mr0 =
−18,−20, and −22. For the volumes corresponding to the first two cut-offs, we determine the
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environment (see §3.2) for target galaxies that have absolute magnitude Mr ∈ [Mr0 ,Mr0 − 2],
while for the brightest cut-off we find the environment for all galaxies with Mr ∈ [−22,−∞].
There are only sixteen galaxies that are brighter than −24 in absolute magnitude in our volume;
therefore, their inclusion does not significantly widen the effective magnitude range of the bin.
For example, in the volume corresponding to the Mr0 = −18 cut-off we find the environment for
all galaxies with Mr ∈ [−18,−20] where the luminosity distance of a galaxy is no larger than
dL = 143 Mpc, corresponding to the maximum luminosity distance at which a galaxy of absolute
magnitude Mr0 = −18 could be observed. The total number of galaxies in each volume, and
the percentage of each profile type is presented in Table 2. Table 2 also lists, under the heading
‘cylinder width’, the total number of cylinders (see §3.2) that do not intersect the border of the
SDSS spectrographic survey, which is the same as the number of target galaxies that we keep in
our analysis. The galaxies in each sample are subject to quality cuts which are described in §2.
The binning procedure is described in §3.2.
4.2. RESULTS FOR THE APPARENT AXIS RATIO – ENVIRONMENT
RELATIONSHIP
Figures 5 through 7 show the correlations of apparent axis ratio with environment, labeled by
profile type. Tables 3 through 5 contain all related statistical information. We plot a best fit straight
line through the binned data that minimizes the chi-square. The value of the reduced chi-square
for each fit is printed in the tables. The error bars show the error in the mean assuming Poisson
statistics. The choice of colors, line type and point type are the same as previously described in
§3.3.
Since the average axis ratio depends on the average luminosity, the normalization of each best
fit line, for the axis ratio – environment trend, is set by the average luminosity for that profile
type. Also, since the luminosity functions for each profile type are different in the different volume-
limited samples, the average luminosity of each profile type is slightly different. For example, in
the Mr ∈ [−20,−22] range, the ex galaxies have an average magnitude of Mr ≈ −20.5, while the
de galaxies have Mr ≈ −21.3. From the luminosity – axis ratio trend, it is expected that the de
galaxies would be rounder. This is reflected in Figure 6, say, where the trend for the de galaxies
lies above the trend for the ex galaxies. Therefore, while it is useful to compare the difference in
the axis ratio as determined by the 25 mag arcsec−2 isophote versus the axis ratio as determined
by the adaptive moments technique, comparisons of axis ratios between galaxy profile types need
to be made with the caveat that they contain different luminosity information.
In the absolute r band magnitude range [−20,−22], it has been shown (Vincent & Ryden
2005) that, for all profile types, there is a trend toward roundness as galaxies become brighter.
In particular, the average axis ratio may increase by as much as approximately 0.05 when the
magnitude decreases by unity (Vincent & Ryden 2005). However, we find that the luminosity in
each local density bin is equal to within one tenth of a magnitude confirming that any trend we
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see are not due to luminosity. Specifically, for Mr ∈ [−20,−22], the average magnitude for the ex
galaxies is −20.5, for the ex/de galaxies it is −20.7, for the de/ex galaxies it is −21.0 and for the
de galaxies it is −21.3. In other magnitude ranges trends of mean axis ratio with luminosity are
weaker and we also find that magnitude does not vary significantly from bin to bin.
Table 2 lists the number of galaxies in each of our volume-limited samples. Also, it lists the
fraction of galaxies of each profile type. Tables 3 through 5 list all statistical information related
to each profile type and cylinder size: the chi-square of the best fit line; whether the axis ratio is
increasing (‘+’) or decreasing (‘-’) with increasing local density; our statistic labeled ‘significance’
is the ratio of the slope to its standard deviation, characterizing if the slope is significantly different
than zero.
We summarize the results.
1. In the magnitude range [−18,−20] the data show one statistically important trend at the
3σ level. The ex/de galaxies get rounder as the local density of galaxies increases, and the axis
ratio, as measured by the axis ratio determined by the moments, for the de/ex galaxies increases
with density. Other profile types in this magnitude range tend to become rounder at higher local
density, but at a lower level of statistical significance. Plots are only created for cylinders of width
0.5 h−1 Mpc and 2 h−1 Mpc. When cylinders of width 8 h−1 Mpc are considered, too many are
near the border leaving a statistically uninteresting sample.
2. In the magnitude range [−20,−22] we find the strongest trends between axis ratio and
environment. Generally, the de and de/ex galaxies get rounder with increasing local density. This
trend is more pronounced in the inner regions of these galaxies. On the other hand, the ex/de
galaxies tend toward greater flattening as the local density of galaxies increases, with a similar
trend, though less statistically significant, observed for the ex galaxies. Trends of axis ratio with
environment are only significant on scales less than or equal to 2 h−1 Mpc.
3. For our sample of the brightest galaxies, in the magnitude range [−22,−∞], we find that
trends are more pronounced in the inner regions than the outer regions; trends in the shape,
determined by the moments of the light distribution, are no longer present when we use the axis
ratio determined by the 25 mag arcsec−2 isophote. This is especially true of the de galaxies.
Statistically, they show a strong positive trend in their axis ratio as determined by the moments of
their light distribution. However, the average axis ratio for these galaxies derived from the 25 mag
arcsec−2 isophote is essentially constant with environment.
5. DISCUSSION
The novel aspect of our study of the surface brightness profile type – environment relationship
is our use of a large magnitude range subsequently divided into many volume-limited samples.
Averaging over a wide magnitude range blurs out some of the observed trends, resulting in an
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inability to distinguish them. Using many volume-limited samples allows us to determine that, at
absolute r band magnitudes around −17, galaxies are almost all described by purely exponential
light profiles at all densities, with no strong trends in the fraction of different profile types with
environment. For absolute magnitudes around −19 and −20 there is a crossover from low densities
to high densities; galaxies with exponential profiles are more common at low densities, while at high
local densities galaxies are most likely to be well described by a de Vaucouleurs profile. Finally, for
bright galaxies with Mr ∼ −22, most galaxies have de Vaucouleurs profiles.
These results fit well into the hierarchical structure formation picture. Generally, the result
of mergers is to increase entropy. In spiral galaxies, stellar orbits in the disk are nearly circular
and all of the disk stars travel in the same direction, corresponding to a low overall entropy.
On the other hand, orbits of stars in elliptical galaxies are unsystematic, giving rise to a high
entropy system. Moreover, each of these two systems have different light profiles. Spiral galaxies
tend to be less concentrated and have exponential profiles; ellipticals have more of their light
concentrated near their center and most bright ellipticals have de Vaucouleurs profiles. We find that
the dimmer galaxies, which have presumably experienced fewer mergers, are mostly well described
by exponential profiles. For galaxies in the middle of our luminosity range, the environment is
strongly correlated with profile type. Galaxies in high density environments experience, on average,
more mergers than those in low density environments. The brightest galaxies, and presumably the
ones that have been created through many mergers, are predominantly de Vaucouleurs.
The dependences of profile type and apparent axis ratio on environment show statistically
interesting trends on scales up to 2 h−1 Mpc. This is consistent with other studies of the correlations
of galactic properties with environment (Blanton et al. 2004). The properties of a galaxy are
generally affected by the presence of other galaxies in the same group or cluster, but not by galaxies
in neighboring clusters.
Lambas et al. (1992) use the APM Bright Galaxy Survey (Maddox et al. 1990) and study
the axis ratio - environment relationship for elliptical galaxies. They arrive at the conclusion that
“local density is not an important factor in determining the flattening of ellipticals”. The lack of
redshift information constrains Lambas et al. (1992) to estimate the local density in projection.
This dilutes the signal by inevitably counting galaxies that have similar celestial coordinates as
neighbors, while in reality they are separated by a large distance in space. Furthermore, they use
a fixed angular scale on the sky within which they count the number of neighbors. For nearby
galaxies, this scale corresponds to a larger physical distance than for distant galaxies. Our plots
(Figures 5 through 7) show that trends tend to get washed out as cylinder size increases. They
are effectively mixing different cylinder sizes and in the process washing out any trend. Within
this angular area, Lambas et al. (1992) label their galaxies as ‘high-density’ if there are more than
two neighboring galaxies, and ‘low-density’ if there are two or less. This cut divides their sample
into an approximately equal number of high and low density galaxies. They claim that there is
no statistical difference in the observed distribution of their high and low density ellipticals. We
performed a Komolgorov-Smirnov test on the distribution of axis ratios derived from the moments,
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for the de galaxies withMr ∈ [−20,−22] in 0.5h
−1 Mpc cylinders. The KS probability is minimized
when we place the cut between low and high densities at eight nearest neighbors; this results in
a probability of PKS = 7 × 10
−8. Instead of dividing our sample into two equal parts, this cut
corresponds to a low/high density split of ∼ 9/1 . Thus Lambas et al. (1992) did not see the
trend for two reasons: density in projection is a poor measure, and the difference in shape is most
significant in very high density environments.
One open problem is whether or not field ellipticals are created and evolve in a fundamentally
different way from those found in high density environments. Thomas et al. (2005) have shown
that the massive early type galaxies in low density environments appear to have younger stellar
populations and be slightly more metal rich than the ones in high density environments. Ryden,
Forbes, & Terlevich (2001) have shown that elliptical galaxies with younger stellar populations
tend to be flatter in their inner regions than ones with older stellar populations. One possible
explanation for such behavior is that the central black hole in older ellipticals has had a longer time
to randomize the orbits of stars near the center. In light of our result that the inner regions of de
galaxies tend to be more flattened in low density versus high density regions, these two previous
studies may point to a more fundamental cause for our observed trends. However, using an age –
environment correlation to explain our results is no more fundamental than simply saying that axis
ratio and environment are correlated. Instead, the missing link is in understanding what processes
form centrally concentrated galaxies such as massive ellipticals.
Bournaud et al. (2005) have used numerical simulations to show that it is possible to form
elliptical systems from the merger of a large disk with multiple smaller disks. When a large disk
galaxy is merged with one or two small disks (with the mass ratio of the large disk to the small disk
being 1:7) it is found that a galaxy of an intermediate type is created. Such a galaxy may correspond
to the ex/de and de/ex galaxies observed in the SDSS. A well known fact is that the merger of two
spirals of roughly equal mass leads to the creation of an elliptical (e.g. Barnes (1992); Hernandez
et al. (2004); Bournaud et al. (2005)). However, it has not been shown that the most common way
of creating an elliptical is through the merger of two spirals. Other numerical studies (Hernandez
et al. 2004) claim to find evidence that there exist elliptical galaxies that appear not to have been
formed by a major merger of spirals. Such studies show that different merger histories can lead to
the creation of a galaxy with a de Vaucouleurs profile. Moreover, different merger histories lead to
galaxies with different intrinsic axis ratios (Barnes 1992). If it was determined conclusively that
certain types of mergers are favored in high versus low density regions, it would be possible to deduce
the average axis ratio of galaxies in each environment. Conversely, if different merger histories
produce characteristically different axis ratios, it may be possible to work backwards and deduce
which merger histories are more common in a given environment. In any case, the axis ratio of a
galaxy, in its outer regions, could also depend on harassment from neighboring galaxies. However,
without knowing which merger histories are favored in different environments, and assuming that
the observed environment is similar to the pre-merger environment, it is not possible to determine
the ‘initial’ axis ratio of a galaxy and thus separate the the effect of harassment from that of the
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merger history.
One intriguing fact uncovered is that the ex and ex/de galaxies with Mr ∼ −20 are flatter, on
average, in denser environments. These galaxies are primarily flattened disk galaxies, with a past
free from major mergers. In a high density environment, a galaxy may be harassed by numerous
encounters in the past, or may have a tidal tail from a recent close encounter. These processes
may distort the apparent shape of galaxies in dense regions. However, we visually inspected all
the ex and ex/de galaxies that have 25 or more neighboring galaxies in a cylinder of radius 0.5h−1
Mpc. There were 35 such galaxies, of which only one appeared to have a tidal tail and only one
was a possible recent merger remnant. We also inspected 35 ex and ex/de galaxies with at most
one neighbor; none of them had obvious tidal tails or asymmetric distortions. Almost all galaxies
in our visual samples were separated from their neighbors by a distance significantly larger than
the galaxy’s visual radius. If the greater average flattening at higher density is due to tidal effects,
then the tidal distortions must be subtle, rather than taking the form of strong tidal tails.
The SDSS has recently been used to study the correlation of many galactic properties with each
other. Exhaustive studies, such as those produced by Blanton et al. (2003a), Hogg et al. (2003)
and Hogg et al. (2004), arrive at the conclusion that luminosity and color are the fundamental
galactic properties from which all correlations of other properties with environment are derived.
Such claims are tested in and are in reasonable agreement with numerical simulations as described,
for example, in Berlind et al. (2004). However, we find a trend, namely the apparent axis ratio –
local galaxy density correlation, for galaxies of the same r band luminosity and surface brightness
profile type, that is not due to a correlation of luminosity or color with environment.
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Fig. 1.— Boundary of the SDSS DR4 spectroscopic survey.
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Fig. 2.— Profile type – environment relation, using cylinders of width 0.5 h−1 Mpc. Panels display
the fraction of each surface brightness profile type vs. the number of local galaxies for the magnitude
ranges [-17, -18], [-18, -19], [-19, -20], [-20, -21], [-21, -22], and [-22, 23]. Solid, green lines with filled
circles indicate ex type galaxies; dotted, blue lines with filled triangles are for ex/de type galaxies;
short dashed, red lines with open circles are for de/ex type galaxies; long dashed, magenta lines
with open triangle are for de type galaxies.
Table 1. Galaxy Profile Types: Binned by Luminosity
Luminosity Total Fraction of each profile type Cylinder width
Bin Width Galaxies ex ex/de de/ex de 0.5h−1Mpc 2h−1Mpc 8h−1Mpc
−17→ −18 1610 0.56 0.30 0.11 0.03 1140 253 . . .
−18→ −19 5915 0.50 0.31 0.14 0.05 5267 2410 . . .
−19→ −20 15580 0.41 0.30 0.17 0.12 14698 9192 . . .
−20→ −21 46755 0.27 0.25 0.20 0.28 45549 36208 8856
−21→ −22 81037 0.12 0.20 0.22 0.46 79988 70560 26975
−22→ −23 57900 0.04 0.14 0.21 0.61 57482 54219 30614
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Fig. 3.— Same as Figure 2, but with cylinders of width 2 h−1 Mpc.
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Fig. 4.— Same as Figure 3, but with cylinders of width 8 h−1 Mpc.
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Fig. 5.— Apparent axis ratio – environment relation, using target galaxies in the absolute mag-
nitude range Mr ∈ [−18,−20] and cylinders of width 0.5 h
−1 Mpc (top panel) and 2 h−1 Mpc
(bottom panel) . Straight lines are χ2 fits to the binned data. Left panel plots are for the axis ratio
as derived by the moments of the light distribution; right panel plots are for the axis ratio derived
from the 25 mag arcsec−2 isophote. The line types, colors, and point types are identical to those
in figure 2.
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Fig. 6.— Same as Figure 5, but with target galaxies in the absolute magnitude range Mr ∈
[−20,−22] and cylinders of width 0.5 h−1 Mpc (top panel), 2 h−1 Mpc (middle panel) and 8 h−1
Mpc (bottom panel).
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Fig. 7.— Same as Figure 5, but with target galaxies in the absolute magnitude range magnitude
range Mr ∈ [−20,−22] and cylinders of width 0.5 h
−1 Mpc (top panel), 2 h−1 Mpc (middle panel)
and 8 h−1 Mpc (bottom panel).
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Table 2. Galaxy Axis Ratio: Binned by Luminosity
Luminosity Total Fraction of each profile type Cylinder width
Bin Width Galaxies ex ex/de de/ex de 0.5h−1Mpc 2h−1Mpc 8h−1Mpc
−18→ −20 8669 0.53 0.35 0.11 0.01 7691 3459 . . .
−20→ −22 39964 0.37 0.39 0.20 0.04 38901 30536 7180
−22→ −∞ 20211 0.12 0.37 0.37 0.14 20055 18731 10068
Table 3. Galaxy Axis Ratio: Galaxies with Mr ∈ [−18,−20]
Profile Width Isophotal Moments
Type (h−1 Mpc) χ2/DOF trend σ χ2/DOF trend σ
ex 0.5 0.28 + 1.1 0.38 + 0.96
ex/de 0.5 0.50 + 2.8 0.43 + 2.9
de/ex 0.5 0.82 + 1.2 0.35 + 2.7
ex 2 0.49 - 0.36 0.41 + 0.11
ex/de 2 0.40 + 2.4 0.67 + 2.6
de/ex 2 0.22 + 0.58 0.22 + 0.86
Table 4. Galaxy Axis Ratio: Galaxies with Mr ∈ [−20,−22]
Profile Width Isophotal Moments
Type (h−1 Mpc) χ2/DOF trend σ χ2/DOF trend σ
ex 0.5 1.2 - 2.5 0.83 - 2.2
ex/de 0.5 0.66 - 4.2 0.74 - 3.7
de/ex 0.5 1.9 + 0.23 2.0 + 2.4
de 0.5 0.59 + 3.6 0.34 + 4.9
ex 2 1.4 - 3.6 1.4 - 3.4
ex/de 2 1.3 - 4.0 1.2 - 4.0
de/ex 2 1.1 - 0.52 0.93 + 1.2
de 2 1.3 + 1.1 0.93 + 1.4
ex 8 0.75 - 1.7 0.76 - 1.6
ex/de 8 1.0 - 1.3 1.2 - 2.1
de/ex 8 0.61 + 0.88 0.77 - 0.37
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Table 5. Galaxy Axis Ratio: Galaxies with M ∈ [−22,−∞]
Profile Width Isophotal Moments
Type (h−1 Mpc) χ2/DOF trend σ χ2/DOF trend σ
ex 0.5 0.012 - 1.3 0.13 - 1.6
ex/de 0.5 0.60 - 3.6 0.66 - 3.1
de/ex 0.5 0.29 + 0.23 0.45 + 0.67
de 0.5 0.0010 + 6.0× 10−4 0.55 + 5.5
ex 2 1.0 - 1.4 0.99 - 0.96
ex/de 2 0.75 - 3.5 1.3 - 3.3
de/ex 2 0.86 - 2.1 0.65 - 0.83
de 2 0.35 - 0.86 0.45 + 5.0
ex 8 1.0 - 1.1 0.57 - 1.1
ex/de 8 0.91 - 1.5 0.56 - 1.2
de/ex 8 1.2 + 0.40 0.85 + 0.25
de 8 0.38 + 0.35 1.8 + 2.4
